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Abst rac t - -Three  models of the interaction of UV radiation with one-chain pirimidine polynu- 
cleotide with a consideration of two possible types of contacts between closest bases (two types of 
initial dimem) and phenomenon of the excitation energy delocalization with/without the inclusion 
of the photodimers into the delocalization area are presented. The consideration of the two types of 
contacts and the inclusion of the photodimers into the delocalization area are made for the first time. 
In the frame of the models, which differ by the character of the excitation energy transfer to the 
photodimer, the dynamics of the photodimer accumulation i  the polynucleotide under adiation and 
the dependence of the stationary concentration f the photodimers on the length of the delocalization 
were investigated for different ypes of the initial dimers without he heat equilibrium between initial 
dimers. It is shown that the inclusion of the photodimers into the delocalization area results in 
significant decrease of the equilibrium concentration of the photodimers. The consideration of the 
heat equilibrium between initial dimers does not break the effect. 
The proposed models with the energy transfer to the photodimer may describe the photoprocesses 
in the DNA of spores and some bacterium, which are highly resistant to the UV radiation. 
Keywords--Photodimerizat ion,  Polynucleotides, Excitation energy delocalization. 
1. INTRODUCTION 
Ultraviolet (UV) irradiation of the living cells results first of all in the destruction of Nucleic Acids 
(RNA and DNA), where after absorption of a photon, the photophysical nd then photochemical 
processes take place and could lead to the mutations, cancer or death of the cells [1]. It can explain 
a lot of investigations ofboth photophysical nd photochemical processes in DNA [2,3]. Reversible 
photodimerization of the pirimidine bases is studied especially detailed because of the great 
biological importance of this photochemical reaction in the DNA [1,3]. However, the complexity 
of the system (heterogeneity of the DNA structure, variety of the intermolecular interactions 
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and of the photoprocesses) make understanding of some phenomena of the interactions of the 
UV radiation and DNA impossible without analyses of the system features on the bases of the 
mathematical modelling. For example, there is no explanation for the high stability of the DNA 
in spores (where the DNA is densely packed) with respect o the UV radiation in comparison 
with the other cells [1]. 
Earlier two attempts to describe some details of the photodimerization of the pirimidine bases 
in the DNA with help of the statistical modelling (Monte-Carlo method) were done [4,5]. In [4], 
kinetics of the photoproduct accumulation i  poly-U acid were studied. The reversibility of the 
photodimerization was considered but possibility of the delocalization of the electron excitation 
energy was ignored. In [5] the model of preferable photodimerization in the long pirimidine 
tracts (previously experimentally found [6]) was proposed. It is essential that in that model the 
delocalization of the excitation energy was uniform on the entire pirimidine tract (up to nine 
bases) with the equal probabilities of the photoreactions on the any dimer of the tract. Both 
direct photolysis of photodimers and photolysis by the excitation energy transfer from the initial 
dimers to the photodimers were not assumed. 
In the present paper we consider mathematical models of the photodimerization in homoge- 
neous polynucleotide (polythymidile---poly-T acid or polycitidilc poly-C acid) in the assumption 
both of the energy delocalization on the limited area of the polynucleotide and the reaction of 
the splitting of the photodimers into monomers as a result of the direct hit of the photon to the 
photodimer or due to the transfer of the excitation energy from the initial dimers to the pho- 
todimer. It is shown that the inclusion of the photodimers into the delocalization area results in 
the significant decrease of the equilibrium concentration f the photodimers and, in other words, 
in the improving of the polynucleotide stability with respect to the UV radiation. Moreover, the 
consideration f the heat equilibrium between initial dimers does not break the effect. 
2. EXCITAT ION ENERGY DELOCAL IZAT ION 
Experimental data related to the delocalization of adsorbed singlet energy in DNA are con- 
tradictory and in different works the length of the delocalization area was from 2 to 100 bases 
[2,7,8]. This difference may be accounted by the diversity of the DNA structure that leads to 
the different contacts and distances between bases (below it will be discussed in more detail). At 
room temperature the most probable is the delocalization up to 5-10 bases [2]. 
Theoretical models of delocalization of the singlet excitation in DNA fall into two classes: 
(1) excitation into delocalized state (DNA as a one-dimensional so id body), and 
(2) excitation of the monomer followed by the transfer of the excitation energy in a lifetime 
of excited state [2]. 
In [2], two cases of the singlet energy transfer were studied in detail: before and after vibrational 
relaxation resonance energy transfer. It was shown that before-vibrational-relaxation mechanism 
is much more probable. The correspondent rate constant was estimated to be of the order of 0.15 x 
1013 - 6 x 1013 s-1, that compared with the value of the excitation state lifetime 1 - 20 ps at the 
room temperature could provide the delocalization up to eight bases (64 consecutive transfers) [5]. 
It was shown that such consecutive transfer between eighbor bases is much profitable than 
direct energy transfer between widely separated bases because of distance-dependence of the rate 
constant as R -6 [2]. At 77 K the delocalization area for poly-A was experimentally estimated 
to be of the order 100 bases [8]. After-vibrational-relaxation mechanism is much less probable 
because of smallness of the overlap integral of fluorescence spectra fter vibration relaxation and 
absorption spectra of nitrous bases [2]. 
The exciton splitting of the absorption band and the distance between closest bases play an 
important role in the estimation of the probability of energy transfer. Both of these quantities 
are defined by the type of contacts between closest neighbors. 
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3. TYPES OF THE CONTACTS BETWEEN 
CLOSEST NEIGHBORS 
With the excitation energy delocalization under consideration, the existence of contacts be- 
tween closest neighbors only of one type correspondent to the Watson-Crick model was usually 
taken. In this case the distance between closest molecular plans R was taken 3.4 ~ and exci- 
ton splitting value 2V was suggested lower than 1000cm -1. The rate of energy transfer in the 
exciton model is defined by the quantity 2V/h, where h is the Plank constant [2]. It defines 
the importance of the correct estimation of the quantity 2V for defining the rate of the energy 
delocalization. It should be noted that even for 2V = 500cm -1 we have 2V/h = 1014 c-1 [2]. 
The estimation of the quantity 2V was based on the smallness of shifts of absorption spectra 
maximum at transitions from nucleotides to dinucleotides and polynucleotides. However the 
studies of the luminescence excitation spectra of di- and polynucleotides (at temperatures 77 K 
and 293 K) resulted in founding conformers of dinucleotides with exciton splitting in absorption 
spectra 2V ~ 3000cm -1 [9-11]. The change of the polarization degree sign in the polarization 
spectra and agreement with circular dichroism spectra justified the exciton character of the 
spectra mentioned above. In polynucleotides (poly-C and polyadenile acid--poly-A) the exciton 
spectra, close to the spectra of correspondent dinucleotides, were found. 
Previously the absorption spectra of the exciton type were observed only after photolysis of the 
photodimers of the thymine in glass at 77 K, where monomers, once aroused, could not become 
widely separated [12]. The estimation of the distance between monomers in case of the dimers 
with the exciton spectra gave 2.8 h [12] and 3.0,~ [10]. Let us note that the distances of the 
order 2.9 A are typical for the dense packing of the carbon atoms. It was shown that for the 
dimers with the exciton spectra, the quantum yield of the photodimerization is equal to 1.0 due 
to the relative arrangement of the bases confirming the photodimer structure [12] instead of 0.03 
for the usual case [3]. 
4. MATHEMATICAL  MODELS 
Three models of kinetics of photochemical processes in homogeneous one-chain polynucleotides 
(poly-T and poly-C) were considered. The main features of these models were the following: 
(1) Polynucleotide consists of 300-900 bases (150-450 dimers). 
(2) There are two types of interact!ons between closest bases: weak and strong, related to 
the dimers of type 1 and type 2, respectively (dimers of the type 2 have the absorption 
spectrum of the exciton type); the heat equilibrium between dimers of these types is 
usually absent (the temperature is low), but for the one of the models the case of the heat 
equilibrium between dimers 1 and 2 has been investigated (the temperature is high). 
(3) Polynucleotides are irradiated by the light with wavelength ~ = 254 nm, that leads to 
arising of the photodimers (dimer of type 3) from the dimers of type 1 and type 2 with 
quantum yields P13 = 0.03 [3] and P23 = 1.0 [12], respectively; the probabilities of the 
photon absorption of the dimers of type 1 (Q1) and type 2 (Q2) are supposed to be the 
same and equal to 1.0. 
(4) Photon can hit a photodimer (dimer of type 3) and results in destroying of the photodimer 
with quantum yield P31 (or P32) equal to 1.0 [3] and its transformation i to dimer 1 
or dimer 2 (depending on chosen models--that relate to the different conditions of the 
experiments--dimer 2 at 77K and dimer 1 at 293 K); probability of the absorption of the 
photon by the dimer 3 (Q3) is 20 times less than corresponding probabilities Q1 and Q2 [3] 
and it is proposed that Q3 = 0.05. 
(5) In Models I and 2 it is supposed that with absorption of the photon by the dimers of type 1 
or type 2, the delocalization ofthe energy arises with radius l0 up to five dimers (for initial 
dimers of type 1) and up to 50 dimers (for the initial dimers of type 2). The photodimers 
can be inside the delocaiization area. The reason for the inclusion of the photodimers 
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into the area of the excitation energy delocalization is the experimental evidence of the 
sensibilization fthe photolyses ofthe photodimers by several aromatic molecules [3], that 
will be discussed later (see Section 6, "Results and Discussion"). 
Models 1 and 2 differ in the supposed character of the energy localization. Namely, in the first 
model we supposed that when delocalization takes place, excitation energy can localize at every 
dimer equiprobable, whereas in the second model we suppose preferable choice of the dimer of 
type 3. 
In Model 3, the energy delocalization area is first determined as the segment of l0 dimers on 
each side of the hit dimer (of types 1 or 2). But if there are photodimers inside the segment, hen 
the delocalization area is assumed to be reduced so that the excitation energy delocalizes along 
the dimers 1 or 2 only. In other words, the photodimers would reduce the delocalization area. 
5. MONTE CARLO SIMULATION 
For the numerical analyses of the proposed models we use the standard Monte Carlo method. 
The polynucleotide is represented bythe one-dimensional chain with given distribution of dimers. 
The kind of distribution plays no role with respect o the asymptotic regime xcept for the time 
taken to achieve the equilibrium state. For simplicity, we start from the chain consisting of 
the dimers of the one type only. The dynamic is simulated by generating a random number 
from the interval (0, 1) with uniform probability density and in case of the random number less 
or more than corresponding probability of the elementary event (such as absorption or dimer 
transformation), the event is assumed or rejected, respectively: 
(1) One dimer from the chain is randomly picked; it is treated as a photon hit to the dimer. 
(2) After Step 1 we know which dimer was hit and then what the type of the dimer is; now, 
the new random number is called and after comparing it with the absorption probability 
of a dimer of this type by the rule mentioned above, we define whether the dimer has 
absorbed the photon. 
(3) If it was the dimer of type 3 in the earlier steps, then after calling a new random number 
and its comparison with the quantum yield P31, the occurrence of the transformation f 
the photodimer into the dimer of type 1 (or dimer 2 that depends on the temperature) is 
determined--let us name it as a photodimer t ansformation rule; in the case of the dimer of 
type 2 (or dimer 1) this step seems more complicated and differs in the dependence onthe 
chosen model. At first, the energy delocalization area is determined as it was mentioned 
above. And then the difference between models manifests itself in the next step. 
(4) In the model with equiprobable choice (in the later consideration--Model 1) the dimer is 
picked inside the delocalization area equiprobable without any difference. 
In the case of the model with preferable choice (Model 2), the closest to the hit dimer photodimer 
is picked and transformed by the above-described rule of photodimer t ansformation. If there 
is no photodimer inside delocalization area then one of the dimers of type 1 or 2 is randomly 
selected and its transformation is determined by generating the new random number and by 
comparing it with quantum yield P23 (or P13, respectively). It is essential also for Model 3, in 
which the photodimer is not included in the delocalization area. 
The case of the heat equilibrium between the dimers 1 and 2 was also investigated for Model 2, 
which was characterized by the existence of the two processes: photo and heat ones. The heat 
equilibrium between dimers 1 and 2 has been supported by MC simulation of transfers of dimers 1 
into dimers 2 and vice versa with corresponding rates k21 and k12 which had been determined 
from the required relative concentration f dimer 2 with respect to the whole number of dimers 1 
and 2. 
The estimate of the rates of the processes obtained from the analyses of the physical-chemical 
conditions of photochemical experiments with mercury lamps as a source of the light has shown 
that the typical time 7"h of heat processes i  much less than the time between two successive hits 
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of photons rpn (Vh << rph) and is of the same order as the typical time of photodimerization a d 
photodissociation that has been accounted for in the simulations by the appropriate choice of 
the number of calculation runnings between two successive acts of 'photon hits' so that the heat 
equilibrium is established at the next moment of possible photon absorption. We have considered 
the cases of three different values of the relative concentrations of the dimers of type 2, namely, 5, 
10 and 15% [9,11]. 
6. RESULTS AND DISCUSSION 
The main results of the computer simulations are related to the dynamics of the establishment of 
the equilibrium between dimers I (the case of the room temperature T = 300 K) or dimers 2 (77K) 
and dimers 3 (photodimers) in the polynucleotide during the UV irradiation with wavelength 
A = 254 nm that defines the absorption coefficients Qi. The number of steps in the Monte 
Carlo method were sufficiently large for achieving the equilibrium so that we can analyze the 
dependence of the equilibrium concentration of photodimers on the delocalization radius lo for 
all of the models. Every obtained value was averaged over three runs of the simulations. 
Let us start from the case when there is no heat equilibrium between the dimers 1 and 2. In 
Figures 1-4 some examples of the computer simulations on the achievement of the stationary 
state in different systems are presented for Models 1 and 2 of photodimerization. In Figure 1 
the case of equilibrium between dimers 1 and dimers 3 is plotted for Model 1. One can see that 
initially the numbers of dimers 1 and 3 are almost equal, but after approximately 2000 steps 
there is the equilibrium regime with the concentration of the photodimers n3 less than 1%. 
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Figure 1. The dynamics of the numbers of the dimers of types 1 and 3 (photodimers) 
in polynucleotide under ultraviolet radiation. In Model 1, the length of the DNA 
N = 450 dimers, and the delocalization radius lo -- 4 dimers. At the beginning the 
numbers of dimers 1 and 3 are approximately equal. 
In Figure 2 the data related to the dynamics of the establishment of the equilibrium between 
dimers 2 and 3 in Model 1 are presented. In this case the transition time is about 1000 steps and 
the  value of the stationary concentration of the photodimers i higher and approximately equal 
to  50%. 
In Figure 3 the equilibrium between dimers 2 and 3 in Model 2 is presented. At the beginning 
there were only the dimers 2, but rather quickly (after about 150-200 steps) the equilibrium 
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Figure 2. The dynamics of the numbers of the dimers of types 2 and 3 (photodimers) 
in polynucleotide under ultraviolet radiation. In Model 1, the length of the DNA 
N -- 300 dimers, and the delocalization radius l0 ---- 4 dimers. At the beginning there 
are only dimers 1. 
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Figure 3. The dynamics of the numbers of the dimers of types 2 and 3 (photodimers) 
in polynucleotide under ultraviolet radiation. In Model 2, the length of the DNA 
N = 300 dimers, and the delocalization radius lo = 4 dimers. At the beginning there 
are only dimers 1. 
is achieved. In this case the concentration n3 is about 10%. Therefore, both the speed of the 
achievement of the dynamical equilibrium and the stationary concentration of the photodimers 
are strongly dependent either on the type of the initial dimers (Figures 1 and 2) or the chosen 
model (Figures 2 and 3). 
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Figure 4. The dynamics of the numbers of the dimers of types 1, 2 and 3 (photo- 
dimers) in polynucleotide under ultraviolet radiation. In Model 2, the length of the 
DNA N = 300 dimers, and the delocalization radius l0 = 4 dimers. At the beginning 
there are only dimers 1, whereas the dimers 2 appear by the process of photodimere 
photolysis and there is no equilibrium between dimers 1 and 2. 
If at the temperature 77K there are dimers of type 1, which are not in the equilibrium with the 
dimers of type 2, and it is supposed that the photodimers transform into the dimers 2, then the 
establishment of the dynamical equilibrium decelerates ( ee Figure 4). There were the dimers of 
type I at the beginning, but in time they transformed into the photodimers which after photolysis 
turn into the dimers 2, so that the number of the dimers 1 gradually vanishes. Finally there will 
be only the dimers 2 and 3 although it will take more then 12,000 steps. 
In Figures 5 and 6 the dependence of the equilibrium concentration f the photodimers on the 
delocalization radius are presented for Models 1-3--the case of the dimers 1 and 3 is in Figure 5 
and another case of the dimers 2 and 3 is in Figure 6 (the heat equilibrium is absent). All curves 
begin from the points which correspond to l0 = 0 that is to the absence of the delocalization 
phenomenon. One can see that in the cases of Models 1 and 2, the delocalization (with inclusion of 
the photodimers into the area of the delocalization) results in the sharp decrease of the equilibrium 
concentrations of the photodimers. The decrease is stronger in Model 2 in comparison with 
Model 1 and in the case of the initial dimers, having been initially of type 1, the difference is 
sufficiently smaller than in the case of the dimers 2. In Model 1 the length of the delocalization 
does not change the value of the equilibrium concentration f the photodimers, whereas in Model 2 
with the further increasing 10, the photodimers concentration slightly decreases. Let us note 
that the approximately equal values of the stationary photodimer concentration are achieved in 
Model 2 (in the case of the dimers 2) for the l0 being about 10 times more than in case of dimers 1 
(for example, 40-50 and 4 dimers, accordingly). 
Let us consider the case of the heat equilibrium between dimers of types 1 and 2 in frames of 
Model 2. In Figures 7 and 8 the corresponding results for two different stationary concentrations 
of the dimers 2 (5% and 15%) and the length of the energy delocalization l0 = 4 dimers are pre- 
sented. One can see that the accumulation f the photodimers in the case of the heat equilibrium 
between dimers 1 and 2 is due to the decrease of the numbers of the dimers 1, the concentration 
of which is much higher than one of the dimers 2. The time needed for the establishment of the 
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Figure 6. The dependence of the stationary concentration f the photodimers on 
the delocalization radius in the case of equilibrium between the dimers 2 and 3 for 
Models 1-3. 
stationary regime in case of the polynucleotide consisting of dimers 1 and 2 is of the same order 
as in the case of the polynucleotide consisting only of the dimers 1 (see Figure 1). 
The influence of the heat equilibrium on the dynamics of the concentration of the dimers of 
three types under radiation is evident from the comparison of Figures 7, 8 with Figure 4, where 
the data for three types of the dimers are also presented but the heat equilibrium is absent. In 
the latter case the concentration of the 1-dimers gradually decreases, the concentration of the 
2-dimers increases, and the concentration f the photodimers quickly reaches its stationary value. 
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Figure 7. The dynamics of the numbers of the dimers and photodimers in the polynu- 
cleotide under the ultraviolet radiation. In Model 2, the heat equilibrium is between 
dimers of types 1 and 2. Relative concentration of the 2-dimers is 5~, and the 
delocalization radius l0 -- 4 dimers. 
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Figure 8. The dynamics of the numbers of the dimers and photodimers in the polynu- 
cleotide under the ultraviolet radiation. In Model 2, the heat equilibrium is between 
dimers of types 1 and 2. Relative concentration of the 2-dimers is 10% and 15%, and 
the delocalization radius lo -- 4 dimers. 
In Figure 9, the data concerned with the dependence of the final concentration f the photo- 
dimers on the length of the energy delocalization l0 in the presence of the heat equilibrium 
between dimers i and 2 are presented (Model 2). As it is in Figures 5 and 6, there is a significant 
jump of the value of the stationary concentration f the photodimers n3 when the delocadization 
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Figure 9. The dependence of the stationary concentration of the photodimers on the 
delocalization radius for Model 2 with the heat equilibrium between the dimers 1 
and 2. 
of the excitation energy is assumed. In this case, when l0 changes from 0 (i.e., there is no 
delocalization at all) to 1 dimer, the concentration n3 decreases abruptly (from 72% to 7%). 
The further increase of l0 has rather small influence on the concentration n3. When l0 -- 0 one 
can see that the mentioned value of n3 for Model 2 is intermediate with respect o the cases of 
mutual transformations between dimers 1 and 3 (n3 = 37%) and dimers 2 and 3 (n3 = 95%) 
in the absence of the heat equilibrium (see Figures 5 and 6). Therefore, the assumption of the 
heat equilibrium between dimers 1 and 2 in frames of Model 2 does not break the effect of the 
decrease of the stationary concentration f the photodimers after the inclusion of the excitation 
energy delocalization. 
Let us consider Model 3, where the situation is different. In the frames of Model 3, the 
dynamics of the number of dimers of the different types in the polynucleotide under radiation 
were studied for two different cases: the initial dimers are of type 1 only, that corresponds tothe 
high (300 K) and low (77 K) temperature, r spectively. It was supposed that by these conditions 
the equilibrium exists only between the initial dimers and the photodimers. 
The typical data obtained for the delocalization radius l0 = 4 dimers are presented inFigures 10 
and 11. It is interesting to compare the data with ones from Figures 1-3, where Models 1 and 2 
were taken into account. In case of equilibrium between dimers 1 and photodimers (Figures 1 
and 10) the transition from Model 1 with excitation energy transfer to the photodimer to Model 3 
with no such transfer leads to the significant deceleration fthe establishment of the equilibrium 
and strong growth of the stationary concentration f the photodimers: from 0.3% to 30%. It is 
true also for the case of the equilibrium between 2-dimers and photodimers (Figures 2, 3 and 11) 
when the stationary concentrations of the photodimers evaluate from 50% (Model 1) and 9.3% 
(Model 2) to 90%. 
The dependence of the stationary concentration f the photodimers n3 on the delocalization 
radius l0 in the case of the equilibrium between the 1-dimers and photodimers for Model 3 is also 
shown in Figure 5. One can see that in the case of Model 3, the excitation energy delocalization 
has significantly weak influence on the stationary concentration f the photodimers in comparison 
with Models 1 and 2. The corresponding data related to the equilibrium between the 2-dimers and 
photodimers are presented in Figure 6. In this case there is obvious difference between Model 3 
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in the polynucleotide under the ultraviolet radiation. In Model 3, the delocalization 
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Figure 1 I. The dynamics of the numbers of the dimers of types 2 and 3 (photodimers) 
in the polynucleotide under the ultraviolet radiation. In Model 3, the delocalization 
radius lo -- 4 dimers. 
and Models 1 and 2; namely, in Model 3 the value of n3 does not decrease in the presence of the 
delocalization of the excitation energy. So, Models 1 and 2 give different results: the decrease 
of n3 in the presence of the excitation energy delocalization is significantly stronger in Model 2 
(with preferable transfer of the excitation energy to the photodimers). 
Thus the comparison of the results obtained for the different models hows that the main reason 
for the decrease of the stationary concentration f the photodimers, when the delocalization ofthe 
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excitation energy takes place, is the inclusion of the photodimers inside the delocalization area or, 
in other words, the reason is the transfer of the excitation energy from the usual 1- or 2-dimers to 
the photodimers that increases the effective quantum yield of the photolysis of the photodimers. 
In Model 3, where such transfer of the excitation energy is absent, the effect of decrease of 
the stationary concentration of the photodimers after the inclusion of the delocalization is faint 
(dimers 1) or even disappears (dimers 2) at all. 
The initial structure of the polynucleotide (dimers 1 or 2) also has influence to the effect of the 
decrease of the stationary concentration of the photodimers, that one can see, for example, from 
the comparison of the data for Model 1 in cases of the dimers 1 (Figure 5) and of the dimers 2 
(Figure 6). But this influence is not so decisive as the inclusion of the photodimers into the 
delocaiization area. 
The transfer of the excitation energy to the photodimers that leads to their dissociation is 
the process of sensibilization of the photolysis of the photodimer by the initial dimers. Such 
sensibilization of the photolysis of the pirimidine photodimers i known for several aromatic 
molecules with the position of the absorption band maximum Am > 320 nm [3]. The initial dimers 
of types 1 and 2 have the absorption spectra, which are close to the one of the photodimers, that 
could increase the probability of the sensibilization. The probability of the energy transfer to 
the photodimer is also defined by the distance between the initial dimer and the photodimer. 
For dense packing of the DNA, this distance would be smaller and therefore the probability of 
the transfer would increase. We guess that the excitation energy transfer to photodimers would 
be the origin of the high stability of the DNA of spores (which is characterized by the dense 
packing [1]) with respect o the UV radiation. 
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